Abstract: Spatial regulations can restrict chemical use more efficiently by linking benefits to the costs. California has instituted such a spatially based regulation of an agricultural fumigant to meet air quality standards. We examine the implications of alternative allocation mechanisms: use allocated based on a first come, first served basis; on quotas linked to historical use; and on the highest-value use. Although there are distributional impacts by crop, the overall change in aggregate value from using a highest value use mechanism rather than a first come, first served approach is estimated to be less than nine million.
Impacts of Allocation Strategies for Spatially Regulated Chemical Use
A spatial element in a chemical or emission regulation can more directly link the environmental benefits with the costs of achieving them. Areas with higher levels of pollution may need stricter regulations to achieve minimum standards. Alternatively, regions where the benefits of emission reductions are very valuable may choose to impose stricter regulations than regions with more pollution but less valuable environmental amenities. Similarly, geographic regions may vary by their ability to absorb or dissipate environmental pollutants. Both the Clean Air Act and the Clean Water Act have incorporated spatial dimensions to achieve minimum standards. Under the Clean Air Act, areas, such as the Los Angeles basin, demand higher emission reductions to achieve the mandated uniform air quality standards. Under the Clean Water Act, states may impose stricter standards to achieve the desired total maximum daily loads (TMDL's) based on the value of the water resource to be protected.
Although the Endangered Species Act proposed voluntary limits on chemical use in areas
where endangered species may be affected and the use of the herbicide Atrazine is restricted in certain areas of Iowa and Wisconsin where the likelihood of the pesticide leaching into ground and surface water is high, as a rule, pesticide regulations have not incorporated a direct spatial component. This is true even though research has demonstrated the differential impacts of chemical regulations by region and has stressed the need for disaggregated analyses (Lichtenberg, Parker and Zilberman (1988) , Carpenter, Giannessi and Lynch (2000) , Van Sickle, Brewster and Spreen(2000) ). However, in 1994 California introduced a spatially based pesticide regulation which limits the amount of a fumigant pesticide that may be used in a 36-square mile area. The regulation seeks to ensure that ambient air concentrations of the pesticide emissions do not exceed air quality standards. This pesticide limit will be binding only in areas of relatively concentrated use, where the air quality standard may be violated.
Yet, given there is more than one farmer contributing to the adverse environmental effect, some method of allocation of the right to use the polluting substance must be determined for areas where the regulation is binding. Our paper examines the impacts of different allocation strategies by region and by crop.
Researchers have developed models to analyze pest control decisions and impacts under a variety of strategies and chemical regulations (see survey by Carlson and Wetzstein (1993) ), yet no papers were found examining the efficient allocation of a limited supply of a chemical on a spatial format. In the more traditional regulation case, researchers have found that bans or regulations of particular chemicals may actually benefit some producers while negatively impacting other producers.
Analyzing the disaggregated impacts of a pesticide ban by regions and crops, Lichtenberg, Parker and Zilberman (1988) found a large redistribution of income among producers in different regions between pesticide users and nonusers. A pesticide regulation's impact on consumer and producer surplus can be different in the presence of other market distortions, such as price support programs (Lichtenberg and Zilberman, 1986) . Other models that look at the effect of pesticide cancellations permit estimation of the welfare changes for competing crop farmers (Taylor, Lacewell, and Talpaz, 1979) . Alternative regulations such as quotas and marketable permits were found to be welfare enhancing for the regulation of methyl bromide (Lynch,1996, Deepak, Spreen and Van Sickle, 1996) .
Since the California spatial regulation is not an outright ban (cancellation) or a tax, an allocation strategy is needed to determine who will have the right to use the available pesticide. If the growers' demand for the pesticide exceeds the established limits, chemical manufacturers and distributers might estimate a price in each region to ensure that only the permitted quantity is demanded. Under this method, the chemical companies would earn all the rents of the regulation. In addition, a pricing approach may be ineffective unless cross-regional trading can be prohibited. Otherwise, a farmer could simply travel to a nearby region where the chemical is in excess supply and purchase it at a lower price.
Alternative allocation strategies include use allocated on a first come, first served basis, on a quota system by crop linked to current or historical use, or on the highest value use.
This paper examines that impacts of these three different allocation strategies for the quantity of the fumigant 1,3-dichloropropene (1,3-D) (Carpenter, Gianessi, and Lynch, 2000; Lynch, 1996; Sunding, et al., 1996; Yarkin, et al.,1994) .
Background
In 1992, the Montreal Protocol, an international treaty to reduce ozone-depleting substances worldwide, identified methyl bromide 2 as a class I ozone depletor. Due to this identification, the U.S.
Clean Air Act required that all production and importation of methyl bromide be ceased by January 1, Economically viable alternatives to methyl bromide are being sought for crops that are grown in 3 In addition to the township caps, growers must maintain a 300-foot buffer zone around occupied structures, which is greater than the current buffer zone requirements for methyl bromide treated acres. Growers must also meet soil moisture requirements that may reduce the efficacy of 1,3-D. Also, the maximum permitted application rate for 1,3-D is 24 gallons per acre for tarped fumigation and 35 gallons for untarped fumigation.
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California using methyl bromide. Researchers have identified 1,3-D, either alone or in combination with other chemicals such as chloropicrin, as the best alternative to fumigation with methyl bromide in terms of the lowest per-unit cost (Carpenter, Gianessi, and Lynch, 2000) . However, the wide-scale availability of 1,3-D as a replacement for methyl bromide is uncertain due to restrictions on its use. Similarly, the amount of 1,3-D used is weighted more heavily for applications during December or January. If all applications are made at a shallow depth between February and November, the permitted quantity is 47,500 lbs 3 .
Model
In a first-best world, a directly linked policy instrument would result in the growers internalizing the production externality, i.e. the societally imposed costs of air-borne 1,3-D emissions would be part of the production cost calculations and would lead to the optimal level of chemical use from society's perspective. A Pigouvian tax or abatement subsidy might be the optimal instruments to impose on 1,3-D users (Baumol and Oates, 1988) . In order to actually apply one of these mechanisms, policy makers would need to measure emissions on each farm and derive the actual costs to society of these emissions in terms of human health and other environmental impacts. The marginal social cost of the pollution and the optimal tax or subsidy cannot be easily determined. Calculating the exact costs related to 1,3-D emissions is complicated and costly, as is measuring the emissions from each field.
Given the difficulty and expense of calculating the social costs of 1,3-D use, a tax or subsidy mechanism is untenable. Therefore, the California DPR has chosen to limit use by geographic location as the most efficient way of achieving air quality goals by ensuring emission levels below the regulated levels. Given a predetermined permitted quantity of use, the distributional and efficiency impacts between regions and crops can be compared under different scenarios for allocating the allowed 1,3-D use between producers in these geographic areas.
Growers in township k choose to grow crop i using the best available pest management technology h. For any individual grower, the market price of the crop i, P 
, are a function of crop price, P i , and input costs, v and w. A township's overall profit, p k is The Lagrangian in this case with two constraints would be:
? k is the shadow price for the land constraint (the quasi-rents for land in region k) and ? k is the shadow price for the technology or chemical constraint. Using the first-order profit maximization conditions, each township would have an optimal land allocation and the optimal use of each technology. The firstorder condition for the land variable is:
which demonstrates how land will be used for each crop in each technology in a given township based on its net revenue per acre. If the net revenue per acre for a particular crop is less than the quasi-rent for the land in that township, ? k , no acres of the crop will be grown, l ikh =0. If the shadow value of land is positive, then growers in this township would want to plant more acres as they are making a positive net revenue. In addition to the quasi-rent of the land, the shadow value of each additional unit of the regulated chemical for the particular township must be considered when allocating land to growing crops using this technology. As can be seen by the first order condition for l ik1 , the crop must have a sufficiently high net revenue per acre to cover ? k and ? k in townships where the chemical restriction is binding to justify its use.
Using the equations in (4), we also find that the shadow value of the land will be positive only if all the land in the township is use to grow crops. If the shadow value is zero, then the number of acres used would be less than A k , indicating that the net revenue for crops in this township is equal or less than between inputs, i.e., the crop needs a combination of inputs to grow, it has been shown that a smooth crop production function can be derived from the LRP form by aggregating the effects of heterogenous inputs. Lanzer and Paris (1991) have also demonstrated the validity of the fixed proportions assumption for fertilizers.
Given the LRP formulation, the value of the marginal product equals the value of the average product. In addition to the per unit cost for the chemical, w, growers would be willing to pay the shadow value or quasi-rent of the technology constraint in the township to use the pesticide up to the value of the marginal product. We can use this relationship to determine the highest-value use of the 4 This approach assumes constant prices which from an industry perspective may not be realistic if yield and acreage changes are large. Growers may find that the relative profitability of a crop changes and switch to another crop. Depending on price elasticities, price changes may compensate for some of the decreased yield and/or increased costs following the technology change.
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constrained pesticide, i.e. the implicit shadow value of the chemical if the regulation is binding, and thus the most efficient allocation of the chemical between the competing crops in the township.
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As regulations change, growers may have to choose alternative pest management technology.
Change in pest management technology will likely alter per acre yield and costs, and thus net revenues.
Using the equations in (3), we find that a grower will be indifferent between using technology 1 and another technology if . Thus without computing the full model, we can
calculate ? k, the shadow value for the constrained pest management technology, using the net revenues from using the restricted pest management input and from the alternative technologies. We compute the maximum shadow value for pest control technology h=1 with respect to technology h=2, the next best alternative as determined by crop and region that a grower would be willing to pay by crop (Yarkin, et al., 1994; Lynch, 1996) . Therefore the implicit value of using a unit of the restricted chemical is
The change in net revenue is derived from price-weighted changes in per acre yields and changes in per acre costs. The label rate or recommended use per acre for crop i in region k is used to proxy m ik1 .
For perennial crops, the shadow value is calculated similarly using the change in net revenue over time assuming a discount rate of 4 percent for the expected length of the crop's life. The net revenue stream for perennials varies by crop; for example, peaches are replanted every 28 years, while almonds are replanted every 40 years.
Data
The California Pesticide Use Database provides detailed spatial information on all pesticide applications, which allows calculation of pesticide use by township. Using 1997 pesticide use data, the current use levels of 1,3-D and methyl bromide in each township are computed. We calculate the demand for 1,3-D assuming that all major methyl bromide users will switch to 1,3-D (90 % of all uses)
given the assumptions about application technology and rates outlined in Table 1. Table 2 presents the methyl bromide phaseout, and includes almonds, grapes, peaches, prunes, potatoes, strawberries, sweet potatoes, nurseries, tomatoes, and carrots. Strawberries are expected to be the major user at 4.8 million lbs., or 9.1 million adjusted lbs.
The 1997 pesticide use data were modified in order to address issues in the reporting of methyl bromide use. First, treated acreage for methyl bromide use in perennial crops may be overstated due to reporting of spot treatments on less than one acre as full acre treatments. Therefore, all records with application rates of less than 50 lbs. per acre were deleted. Second, an adjustment was made for unspecified methyl bromide use. More than 2.5 million pounds of methyl bromide use is not reported as used on any particular crop, accounting for approximately 9,000 treated acres (15 percent of area treated with methyl bromide). County agricultural commissioners in those counties with a large amount of unspecified use were surveyed for further information on which crops were being fumigated. All unspecified use in Siskiyou County (32,757 lbs.) was assumed to be for strawberry nurseries.
Unspecified use in Orange County (250,435 lbs.) was assumed to be strawberry acreage. The breakdown of unspecified uses in Fresno, Madera, and Tulare counties, which together account for more than 1.7 million pounds of the unspecified methyl bromide use, is attributed to perennial crops.
Unspecified use in other counties is not included.
Fifty-five townships were estimated to be over the limit. Growers would choose to use almost 10 million more lbs. of 1,3-D than is permitted. While many of the 16 counties have only one township where the restriction binds, others have several. Table 4 (Sunding, et al.) . Other annual crops' yields decrease 10 percent, assuming they switch from 1,3-D to metam sodium. Costs for annual crops increase $100 per acre. Perennial quasi-rent values were calculated using yield loss assumptions provided by a University of California nematologist McKenry.
Yield losses for perennial crops were assumed to be between 5 and 20 percent, depending on whether nematode-resistant rootstocks were used. Yield and cost change assumptions for perennials were based on Carpenter, Gianessi, and Lynch (2000) . The quasi-rent value of a pound of 1,3-D varies by crop from a high of $28 for wine grapes to a low of $0.50 for olives. Table 5 
Policy Scenarios and Results
The California regulations on 1,3-D can be used as a case study of the impacts of different allocation mechanisms that a state might use to determine which crops receive the limited pesticide within the impacted areas. Pesticide use may be allocated in several manners: on a first come, first served basis; through quotas by crop based on current or historical use; or with marketable permits based on highest-value use. The crops in a township that are able to use the limited quantity of 1,3-D will be determined by the allocation strategy implemented. If use is allocated on a first come, first served basis, which seems likely in the absence of an alternative distribution scheme, the outcome may be suboptimal as higher-valued crops with few available alternatives might be effectively banned from One interesting result is that distribution based on the highest value use does not always maximize the county-level or crop-level aggregate value. This is due to counting shallow applications as 1.9 lbs. toward the limitation even though only 1 lb. of 1,3-D is used. For shallow rooted crops, the shadow value ? k was divided by 1.9 to determine the highest value use allocation for each lb. of 1,3-D actually applied. As a result, we find that in some counties (Del Norte, Orange, Shasta, Sonoma) allocating according to the highest value use had a lower aggregate value than a quota based or first come, first served allocation strategy. Sonoma County has a higher aggregate value from a quota sytem with the highest value use allocation strategy having an aggregate value $1.1 million lower. The highest value strategy has an aggregate value $0.7 less than the first come, first served system as well. Sonoma only has one township that binds.
In the other counties (Monterey, Kern, Merced most noticably), the highest value allocation achieved the highest aggregate value. The largest difference between the various strategies appears in Merced County where the aggregate value under a first come, first served system is $4 million less and under a quota system is $4.2 million less than allocation based on highest value. Merced County has 6 townships binding. In Monterey, which has the greatest number of townships binding, the difference is $0.9 million between the allocation based on highest value use and a first come, first served system. Kern, where 8 townships are binding, had a difference of $1.1 million between highest value and first come, first served and $1 million between highest value and quota. Differences between crops were also explored to determine distributional issues. Almonds had the largest difference at $5.8 million between highest value and quota and $5.5 million between highest value and first come, first served. Strawberries would also fare better under a highest value scenario at $3.8 million difference compared to first come, first served, but only $0.6 million compared to a quota system. Peaches, soil applications, walnuts, and pepper would all be better off if a highest value 5 Total irrigated vegetable acres in California was 1.2 million in 1997 (USDA NASS, 1997) and fruit and nut trees planted with fumigation in any one year is 10,783 acres (Carpenter, Gianessi, and Lynch, 2000) for a potential of 1.21 million acres impacted.
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approach was used instead of first come, first served and quotas. Nurseries and potatoes would fare better under highest value relative to first come, first served but not relative to a quota system. Sweet potatoes fared worse with highest value compared to quotas (-$0.6 million) or first come, first served (-$0.4 million). Broccoli, carrots, grapes, lettuce, prunes, tomatoes and watermelon also fare worse under a highest value scenario. The value of having an unrestricted supply of 1,3-D is $200 million as shown in Table 8 . Compared to unrestricted use, using quotas by crop to allocate the limited use achieves an aggregate value of $138 million, by first come, first served, a value of $135 million, and by the highest value use, a value of $144 million. Therefore if 1,3-D was allocated to be used by the crops with the highest value in each township, the cost of the 1,3-restriction would be $54 million. The first come, first served strategy has the least aggregate value resulting in a cost of $65 million from the restrictions on use, $11 million more than the highest value use. Table 9 reports the acres that will be prohibited from using 1,3-D. The state total is between 26,000 and 27,000 acres regardless of allocation strategy, which is a third of the acreage for which growers are expected to demand 1,3-D 5 . Strawberries face the largest loss under restricted use with more than 13.5 thousand acres (57% of the 1997 California strawberry acreage) forced to use the next best technology with quota allocations and 13.3 thousand acres under highest value allocation. Under first come, first served, more than 14.6 strawberry acres (62 %) must find alternative pest management strategies. Sweet potato growers on 4,605 acres (52 % of the 1997 California sweet potato acreage) are restricted from using 1,3-D under the high value allocation strategy with almost 4,000 acres (46%) restricted under first come, first served. About 3,700 acres of sweet potatoes (42%) will be prohibited from using 1,3-D under the quota system. Approximately 2,400 acres of nurseries will be restricted from using 1,3-D under the highest value allocation, with approximately 2,100 acres restricted under quotas or first come, first served. Almonds and carrot growers will face restrictions on their acreage as well. Almond growers are permitted to use 1,3-D on 1000 more acres (0.002 %) if a high value allocation strategy is used compared to the other two. Carrot growers will be prohibited from using 1,3-D on almost 2,000 acres (0.08%) under the highest value allocation. They will have it for almost 800 acres more if a first come, first served allocation strategy is followed. Peaches will be able to use 1,3-D on almost all acreage under a highest value allocation. Walnut growers fare well under both high value and quotas.
Further Research and Conclusions
Demand for 1,3-D is estimated to increase from 2.4 million to 15.3 million lbs. following the phaseout of methyl bromide. In 55 townships, demand is predicted to exceed the permitted level of use under current township restrictions. Growers planting on one-third of the acreage for which there would be 1,3-D use if it was not restricted will be forced to seek alternative pest management strategies. To date, the California DPR has not established an allocation strategy per se. They have The analysis is limited by the assumption that no crop will geographically relocate following the methyl bromide phaseout and the subsequent restrictions on 1,3-D use. Yet some crops may be able to shift to another township where the township restriction is not binding. Growers however are assumed to be growing the most profitable crop in the most profitable area considering both soil conditions and climate. Therefore, any shift would likely decrease profits. In some cases, crops may not be able to relocate in the short-run because the growers own the land they farm, the restrictions in the nearby township are also binding, or there is no other region characterized by the optimal growing conditions.
In addition, the analysis does not permit price adjustment as yields decrease. For most of the crops, less than 10 percent of the acres planted to the crop in 1997 will be prohibited from using 1,3-D under any of the allocation strategies. Yield losses on these acres are assumed to be between 5 and 10 percent. Therefore including price changes would probably not alter the conclusions. However for strawberries and sweet potatoes, the affected acreage is a much larger percentage. Both of these crops will see over 40 percent of the acres impacted by the restrictions thus at a minimum, the overall crop supply will decrease 2 percent. Within the crops themselves, there would not be much difference in aggregate values between the different allocation strategies even if the price changes were incorporated. However, these two crops may fare relatively better in the high value allocation strategy if their price changes were included.
Since these regulations are being imposed due to air quality concerns and impacts on human health, a modification of the regulation may more closely link the benefits and costs of the pesticide regulation. For example, the regulation might impose tighter restrictions in areas where the external costs of the pesticide use are highest, for instance in more highly populated areas, and allow higher use levels in less populated areas. A system might be explored using marketable permits or taxes to divert use from more populated areas to less populated area. Each area has its limited amount which growers can use or sell to another area if the "receiving" area was less populated. This mechanism may permit use at higher levels of use in a more rural area which could have high value crops such as strawberry nurseries. 
